The Tumour Necrosis Factor superfamilies of receptors and ligands play a crucial role in the regulation of effective immune responses against pathogens and malignant cells. In chickens, only few members have been identified. Here, we characterise the chicken homologues for mammalian costimulatory molecules OX40 and OX40L, which are involved in sustaining T cell responses. Both genes were identified by virtue of their genomic localisation close to highly conserved genes and their structural relationship to their mammalian homologues. Following cloning and expression of soluble and cell-associated chicken OX40 and OX40L, we confirmed their mutual interaction via ELISA and flow cytometric analyses. In addition, we showed the application of soluble OX40-Fc in staining of chicken cells. Whereas non-activated cells did not express OX40L, activation by IL-2 and IL-12 resulted in upregulation of OX40L on ab and gd T cell populations. Our results demonstrate the existence of the costimulatory OX40-OX40L system in the chicken and provide the basis for further investigations of chicken T cell responses.
Introduction
T cell activation is a complex process involving various forms of signals and receptors. Besides TCR triggering, binding of costimulatory molecules is pivotal to obtain a complete activation state in terms of cell differentiation, proliferation, longevity and cytokine production.
The classic costimulatory receptors belong to three superfamilies: the Immunoglobulin (Ig) superfamily (e.g. CD28 or CD2), the family of cytokine receptors (e.g. IL-2R or IL-7R) and the Tumour Necrosis Factor Receptor Superfamily (Croft, 2003) . In the past decades, the focus of research of the T cell activation process was dominated by the investigation of CD28 signals. Only more recently the Tumour Necrosis Factor (TNF) superfamily, comprising receptors (TNFRSF) and their respective ligands (Tumour Necrosis Factor Superfamily, TNFSF), was studied more intensively (Croft, 2003) . The family of TNFRSF receptors comprises 30 members (Gaur and Aggarwal, 2003) , which can be divided into three functional groups depending on their intracellular signalling pathways (Ward-Kavanagh et al., 2016) : so called decoy receptors without a cytoplasmic domain are distinguished from receptors containing a death domain (DD) in their cytoplasmic region which induces apoptosis. The third group comprises family members, which contain an intracellular motif for binding to adaptor molecules of the signalling cascade, called TRAFs (TNF Receptor-Associated Factors), promoting activation, survival and differentiation. Several TNF family members play major roles in sustaining T cell activation subsequent to the primary costimulatory effect of the CD28-B7 system. Among these receptors (CD27, CD30, GITR, 4-1BB, HVEM) (Watts, 2005) , OX40 (CD134) and its ligand OX40L (CD252) hold a prominent position, as they ensure the longevity of T cell response by supplying anti-apoptotic signals (Rogers et al., 2001) . During an immune response, the OX40-OX40L system regulates the functions of CD4 þ and CD8 þ T cells, regulatory T cells, Natural Killer (NK) and Natural Killer T (NKT) cells and interacts with Antigen Presenting cells (APCs) and tissue cells like endothelial or smooth muscle cells (Croft, 2010) . The receptor OX40 is a TRAF binding receptor and is reported to be a key mediator of costimulatory signals in mammalian T cells (Croft, 2010) . OX40 belongs to the group of type I transmembrane proteins exhibiting an extracellular N terminus and an intracellular C terminus (Bodmer et al., 2002) . Its extracellular domain comprises four Cysteine-Rich Domains (CRDs) which are the characteristic feature of TNFRSF receptors, but whose number may differ between family members (Ware, 2003) . Due to these cysteine residues, the ectodomain of OX40 exhibits a stretched shape which allows for ligand binding (Banner et al., 1993) .
In mouse and human, the OX40 molecule is absent on naïve T cells, but is upregulated during the activation process as early as 12 h up to 5e6 days after antigen contact and TCR stimulation (Croft, 2010; Latza et al., 1994; Rogers et al., 2001) . It can be detected on activated CD4
þ (Latza et al., 1994; Mallett et al., 1990) and on CD8 þ T cells (Bansal-Pakala et al., 2004) , as well as on Th1, Th2, Th17 subsets of T helper cells and on regulatory T cells (Croft, 2010; Redmond et al., 2009 ). In addition, NK cells (Liu et al., 2008) , NKT cells (Zaini et al., 2007) and neutrophils (Baumann et al., 2004) express the receptor at lower densities. The time course of OX40 expression depends on different factors like the nature of the antigen, its persistence, the evolving proinflammatory milieu and the affected T cell subset (Rogers and Croft, 2000) . The involvement of other costimulatory molecules such as CD28, IL-2R or the presence of cytokines like IL-1, IL-4 and TNF also contributes to an optimal and prolonged expression (Croft, 2010; Redmond et al., 2009) . OX40L, like the other ligands of this family, is a type II transmembrane protein which exhibits an intracellular N terminus and an extracellular C terminus with a TNF Homology Domain (THD) (Ware, 2003) . The THD is formed by two antiparallel b sheets which rejoin with the respective THDs of two other protomers to form non-covalent homotrimers. To date, the OX40 receptor is known only to bind its ligand OX40L (Croft, 2010) while other members of the TNFRSF family can interact with different ligands (Idriss and Naismith, 2000) . As reported for other ligands like TNF, BAFF or FasL, OX40L also exists as a soluble variant, cleaved from the cell surface probably after the interaction with its receptor (Croft, 2010) .
Human and murine OX40L molecules are expressed by a broader range of cell types, particularly on different kinds of activated APCs comprising B cells (Linton et al., 2003) , macrophages (Karulf et al., 2010) , dendritic cells (Jenkins et al., 2007) and Langerhans cells (Sato et al., 2002) . OX40L expression is promoted by various stimuli like signalling through Toll-like receptors, the B cell receptor and the CD40 molecule or the presence of IL-18, TSLP (Thymic Stromal Lymphopoietin), IFNg or prostaglandin E2 (Croft, 2010; Ito et al., 2005; Krause et al., 2009; Kurche et al., 2012; Maxwell et al., 2006) . Furthermore, OX40L was observed on activated CD4 þ and CD8 þ T cells, suggesting an additional way of sustaining T cell response via T cell-T cell interactions (Mendel and Shevach, 2006) . The expression of OX40 and OX40L in such a wide range of cell types affirms the manifold and extensive influence of the OX40-OX40L costimulatory system in mammals. In chickens and other birds, information about representatives of the TNF superfamily, particularly about OX40 and OX40L, remains scarce. Although the genomic location of several members of the TNF superfamily has already been identified, the trace of others remains obscure, partly due to the incomplete annotation of the chicken genome (Kaiser, 2012) . To date, chicken CD30 (Burgess et al., 2004) and CD30L (Abdalla et al., 2004) are the only TNF members involved in T cell activation, which were characterised in chickens. In our study, we describe the molecular cloning and expression of the chicken TNF receptor-ligand pair OX40-OX40L, characterise their structural properties, their ability of mutual recognition and their possible application in the cell staining of primary chicken cells. As OX40 and OX40L represent key costimulatory molecules in the activation process of T cells, our results will advance the understanding of the T cell response in chickens.
Materials and methods

Animals
Chicken line M11 was kindly provided by S. Weigend (Federal Research Institute for Animal Health, Mariensee, Germany). Fertilised eggs were incubated and hatched at the Institute for Animal Physiology, University of Munich, Germany. The chickens were reared under conventional conditions and they were eight weeks old when experiments were performed.
Cell culture and cell preparations
Human Embryonic Kidney cells (HEK) 293 were cultured in Roswell Park Memorial Institute (RPMI) 1640 medium (Invitrogen life technologies, Carlsbad, CA, USA) containing 10% Fetal Bovine Serum (FBS) (Biochrom GmbH, Berlin, Germany) in a 5% CO 2 incubator at 37 C. To obtain chicken splenocytes, a single cell suspension was prepared by passing the spleen through a stainless steel mesh and mononuclear cells were segregated by consecutive density centrifugation on Biocoll Separating Solution (Biochrom GmbH). For stimulation, chicken splenocytes were plated at a density of 10 6 cells per well in a 96-well flat bottom plate and maintained at 40 C and 5% CO 2 in RPMI 1640 medium supplemented with 10% FBS, 1% Penicillin/Streptomycin (Biochrom GmbH) and a combination of recombinant chicken IL-2 and IL-12.
Chicken cytokines were obtained as previously described (Fenzl et al., 2017) . Every second day, cultures were diluted by the substitution of 50% of the volume per well for fresh stimulation medium.
Database search and sequence analysis
ChOX40 and chOX40L were identified by keyword search using the gene database of NCBI (https://www.ncbi.nlm.nih.gov/) and the Ensembl database (https://www.ensembl.org/index.html). To confirm their correct annotation, mRNA and protein sequences of chOX40 and chOX40L were compared to their mammalian equivalents in the database using the Basic Local Alignment Search Tool (BLAST). Presumed protein sequences were structurally analysed by SMART (smart.embl-heidelberg.de). Protein sequences were aligned using the Clustal Omega method in the DNASTAR Lasergene Software package. Phylogenetic analysis was performed using the software MEGA5 (Tamura et al., 2011) . Sequences of human, mouse and turkey equivalents of OX40, CD30 and their ligands OX40L, CD30L and of chicken TACI and BAFF were obtained by keyword search in the database mentioned above. The amino acid sequences of receptors or ligands were separately aligned by Muscle and Maximum Likelihood trees were generated using the following settings. For the data set of receptors, the JTT þ G substitution model was used, whereas the sequences of ligands were analysed via the JTT model. To account for gaps in sequence alignment, the partial deletion option was selected and the tree was constructed with 1000 bootstrap replicates.
Cloning procedures
The sequences of chOX40 (accession no. NM_001354724.1) and chOX40L (accession no. XM_430147.4) were used for primer design. All oligonucleotides were obtained from Eurofins, Ebersberg, Germany. Primer sequences for the generation of the different constructs are displayed in Table 1 . All constructs were verified by sequencing (GATC, Konstanz, Germany). To generate soluble forms of the ectodomains of OX40 and OX40L, either tagged by a C-terminal human IgG1-Fc domain (henceforth "OX40-Fc") or by an Nterminal FLAG-tag (henceforth "OX40L-FLAG"), we applied the following cloning strategy. We employed vectors derived from variants of the pCR3 (Invitrogen life technologies) provided by P. Schneider (University of Lausanne, Epalinges, Switzerland). They either encoded an Ig signal peptide followed by a thrombin cleavage site and the human IgG1-Fc domain at 3' (vector PS229) or a signal peptide of Hemagglutinin of Influenza A virus (HA) and a FLAG epitope at 5' (vector PS167). For both constructs, PCR primers were designed for direct use with the Gibson Assembly ® Master
Mix (New England Biolabs GmbH, Frankfurt am Main, Germany). In brief, primers spanned the extracellular domains of OX40 or OX40L, respectively, and also contained complementary sequences to the 5 0 and 3 0 of the corresponding cloning vectors (Table 1 underlined sequences), hence creating overlapping ends. The sequences of OX40 and OX40L were amplified by PCR on cDNA of concanavalin A stimulated T cells using primers 2101 and 2102 (for OX40) and primers 2093 and 2094 (for OX40L) and cloned via Gibson Assembly into their designated vectors. For the construction of full length sequences of OX40 tagged by a c-Myc-tag (henceforth solely "Myc-tag"), we performed two consecutive cloning steps via Gibson Assembly. The oligonucleotide 2133 was synthesised, encoding the HA signal peptide linked to the Myc-epitope and containing overlaps with the designated vector arms. As first step, the 2133 oligonucleotide was cloned into the pSBbi-GP vector, comprising a gene for a Green Fluorescent Protein (GFP) (Kowarz et al., 2015) . The sequence of OX40 was obtained by PCR on cDNA of concanavalin A stimulated T cells with primers 2137 and 2141, creating overlaps with the vector arms and, as a second step, cloned into the Myc-encoding pSBbi-GP vector. To obtain the OX40L-V5 construct, we performed a PCR with the primers 2144 and 2145 on cDNA of long-term stimulated splenocytes (IL-2 and IL-12) yielding the OX40L sequence. Subsequently, it was cloned into the pEF6/V5-His TOPO ® vector using the pEF6/V5-His TOPO ® TA Expression Kit (Invitrogen life technologies).
Recombinant protein expression and purification
Stable HEK 293 cell lines expressing soluble forms of either human Fc-tagged receptor or FLAG-tagged ligand were established by transfecting cells with 0.7 mg of the respective constructs using Metafectene ® (Biontex Laboratories GmbH, Munich, Germany).
Transfected cells were subsequently selected with 0.8 mg/ml G418 (Biochrom GmbH) for plasmid uptake. Supernatant of the transfected cell clones was screened after seven days either by an antihuman-IgG Sandwich ELISA or an anti-FLAG-M2 Sandwich ELISA for the presence of fusion proteins. The OX40-Fc supernatant was affinity-purified on Protein-G-coupled agarose (Merck KGaA, Darmstadt, Germany), whereas an anti-FLAG ® M2 Affinity Gel (Sigma Aldrich St. Louis, MO, USA) was used to purify OX40L-FLAG. 
ELISA
Wells of a Nunc Immuno™ MicroWell™ 96 well solid plate (Sigma Aldrich) were coated overnight at 4 C with 3.9 mg/ml of donkey anti-human IgG (H þ L) (Jackson ImmunoResearch Laboratories Inc., West Grove, PA, USA). All incubation steps were performed at 37 C for one hour and preceded by washing with PBS buffer containing 0,05% Tween (PanReac AppliChem ITW Reagents, Darmstadt, Germany) (PBS-T) according to standard procedures. The plate was blocked with 5% skim milk (PanReac AppliChem ITW Reagents) and afterwards incubated with chOX40-Fc (5 mg/ml). An unrelated Fc-tagged chicken protein served as a negative control (CD30-Fc). Subsequently, a twofold serial dilution of chOX40L-FLAG in PBS-T was added. All titration steps were performed as triplicates. Control wells contained the highest concentration of chOX40L-FLAG. The interaction between receptor and ligand was identified by a murine anti-FLAG ® M2-HRP mab (Sigma Aldrich).
Subsequently, specifically bound mab was detected using the 3,3 0 -5,5 0 -tetramethylbenzidine-substrate and absorbance was measured at 450 nm and analysed via X-Read Plus using TECAN. Sunrise™ (Tecan Deutschland GmbH, Crailsheim, Germany).
Western blot
Samples of chOX40-Fc and chOX40L-FLAG were prepared under reducing (with 1M dithiothreitol) (DTT) (PanReac AppliChem ITW Reagents) and non-reducing conditions (without DTT), separated by a 7.5% (OX40-Fc) or a 12% (OX40L-Flag) SDS polyacrylamide gel, and electroblotted onto a Polyvinylidene Difluoride (PVDF) membrane (GE Healthcare Life Sciences, Chalfont St Giles, Buckinghamshire, UK). The molecular weight marker PageRuler™ Prestained Protein Ladder (Thermo Fisher Scientific) served as protein standard. After blocking with 5% skim milk, membranes were washed and incubated with mabs for one hour at room temperature. For detection of OX40-Fc, a goat anti-human IgG-HRP (Southern Biotech, Birmingham, AL, USA) was used, whereas OX40L-FLAG was identified by a murine anti-FLAG ® M2-HRP mab.
After repeated washing with PBS-T, protein bands were visualised via chemiluminescense using the MicroChemi 4.2 (DNR BioImaging Systems, Jerusalem, Israel).
Staining procedures
Stably transfected 293-OX40-Myc cells were stained with OX40L-FLAG, followed by a murine anti-FLAG ® M2 mab (Sigma Aldrich) and by a goat anti-mouse IgG1 human ads-APC mab (Southern Biotech). As negative controls, cells were either stained with an unrelated FLAG-tagged chicken protein (CD30L-FLAG) followed by secondary mabs or solely stained with the secondary mabs to exclude any unspecific binding to the Myc-tagged receptor.
To verify surface expression of the chOX40-Myc receptor, transfected cells were stained with the mab 9E10 specifically recognising the c-Myc tag (Invitrogen life technologies), followed by a goat antimouse IgG1 human ads-APC mab. 293-OX40L-V5 cells were stained with OX40-Fc and the AF647-conjugated goat anti-human IgG Fc g specific F(ab') 2 fragment (Jackson ImmunoResearch Laboratories Inc.). As negative control, cells were either stained with an unrelated Fc-tagged chicken protein (CD30-Fc) followed by the secondary mab or solely with the secondary mab. For the affirmation of OX40L-V5 surface expression, transfected cells were stained with a murine anti-V5-FITC mab (Invitrogen life technologies). To acquire the kinetics of chOX40-Fc staining upon activation, chicken splenocytes were stained at days 0, 2, 4, 6, 8 and 10 with chOX40-Fc followed by the AF647-conjugated goat anti-human IgG Fc g specific F(ab') 2 fragment. Double immunofluorescence analysis was performed with OX40-Fc, followed by mabs specifically recognising chicken TCR1 (gd T cells, murine IgG1) , TCR2 (aVb1 T cells, murine IgG1) (Chiak et al., 1988) , TCR3 (aVb2 T cells, murine IgG1) (Chen et al., 1989) , and CD8a (3e298, murine IgG2b) homologues (Luhtala et al., 1997) . Subsequently, cells were incubated with a mixture of the AF647-conjugated goat anti-human IgG Fc g specific F(ab') 2 fragment and depending on the isotype of the primary mab, either with a goat anti-mouse IgG1 human ads-PE or goat anti-mouse-IgG2b human ads-PE (both Southern Biotech). For each staining appropriate isotype matched controls were used. For life-death staining, either Propidiumiodid (PI) (Sigma Aldrich) or Fixable Viability Dye eFluor780 (eBioscience GmbH, Frankfurt am Main, Germany) were used. The population of living cells was subsequently analysed by flow cytometry (FACS Canto II, Becton Dickinson) using BD FACS DIVA 6.1.3 software.
Results
Identification of chicken OX40 and OX40L
We searched the chicken genome assembly Gallus_gallus-5.0 for the keywords OX40 and OX40L and obtained the genomic location for these TNF family members. The chicken OX40 gene was not discretely listed, but annotated in the database together with another gene as TNFRSF18. In order to ascertain the identity of the presumed OX40 gene, so far annotated as TNFRSF18, we screened the genomic regions containing the supposed OX40 in chicken for shared synteny with the human and murine genome and ran BLAST searches with the predicted coding sequences of the presumed OX40 gene on chicken genome assembly 5.0. The BLAST search revealed a hit on chicken chromosome 21, flanked by the two genes SDF4 and TNFRSF18. Together with OX40, we identified these two sequences as highly conserved and co-localised genes also on human chromosome 1 and on murine chromosome 4 (Fig. 1 A) . The OX40L gene is located on chromosome 8 and shares genetic linkage to the gene of PRDX6. It is also clustered to FasL as a screening of genomic regions flanking OX40L in human and mouse (both chromosome 1) revealed (Fig. 1 B) .
Chicken OX40 and OX40L share characteristic sequence features with their mammalian homologues
The predicted coding sequences of chicken OX40 and OX40L genes were further compared to their equivalents in other species. Transcription analysis demonstrated that the DNA sequences encode for chains of 287 (chOX40) and 204 (chOX40L) amino acids, respectively. The analysis of OX40 revealed the typical structure of a type I transmembrane protein with an extracellular domain of 225 amino acids (signal peptide of 28 residues), a transmembrane region of 23 amino acids and a cytoplasmic domain of 39 amino acids (Fig. 2) . The entire OX40 molecules of the depicted species comprise 287 (chicken), 286 (turkey), 277 (human) and 272 (mouse) residues. Chicken OX40 displays an overall identity of about 30% to its human counterpart. The ectodomain of chOX40 exhibits CRDs, representing the characteristic feature of the TNFRSF family members. Like its homologues, chOX40 contains three complete (CRD 1, 2, 4) and one truncated (CRD 3) CRDs (Willoughby et al., 2017) . The structure of human OX40 CRDs can be further characterised and divided into submodules according to the system established by Naismith and Sprang (1998) . The two avian receptors display the same sequential arrangement of submodules, thus forming the same disulphide bonds. Their CRD 1 and 2 show classical A1-B2 modules, their CRD 3 is truncated and only possesses an A1 module, whereas their CRD 4 contains A1-B1 modules (Willoughby et al., 2017) . Another similarity among the species is the major conserved TRAF2 binding motif (P/S/A/T) x (Q/E)E in their cytoplasmic domain, which suggests conserved signalling pathways (Ye et al., 1999) .
The chicken OX40L molecule displays the structural organisation of a type II protein with its amino-terminal cytoplasmic domain of 41 amino acids, its transmembrane region comprising 23 amino acids and its carboxyl-terminal extracellular domain of 140 residues (Fig. 3) . The full length sequences of OX40L of chicken, turkey, human and mouse consist of 204, 204, 183 and 198 amino acids, respectively. Even though the displayed sequences show an overall sequence identity of only 19%, the TNF homology domain (b-strands indicated for huOX40L) with its hydrophobic residues, assumed to be important for the trimerisation, is well conserved (Compaan and Hymowitz, 2006) . Regarding the intracellular domain of OX40L, the chicken sequence seems to be longer with an extra 31 amino acids (MMVCASASTKQARPAGDCGPPVLLVPALLVE). This may not be the transcriptional start site due to an extra methionine further 3' that is exactly in the same position as in mammals.
Phylogenetic relation between depicted TNFRSF and TNFSF family members
Given the low overall sequence identity, we additionally performed phylogenetic analyses to further validate the homology of the identified genes to their mammalian counterparts using Maximum Likelihood trees (Fig. 4) . Sequences of turkey, human and mouse were used as far as identified in the database for the receptor CD30 and its ligand CD30L. Chicken sequences of TACI and BAFF were included as internal tests for tree construction representing outliers. The analysis of the receptors (Fig. 4A) shows that the chicken OX40 is closely related to its species equivalents forming one cluster, whereas the CD30 receptor molecules are clustered and chicken TACI exhibits a more distant relation to these two receptor families. The same phenomenon can be seen for the phylogenetic analysis of the TNFSF ligands OX40L, CD30L and BAFF (Fig. 4B) . The molecules belonging to the OX40L family are clustered, while the CD30L family forms an individual branch and chBAFF is only distantly related. Both OX40L and CD30L molecules belong to the divergent group of TNFSF ligands and hence share only weak similarities with each other and with the EF-disulphide group (e.g. BAFF) (Compaan and Hymowitz, 2006) .
Soluble ectodomains of recombinant chOX40-Fc and chOX40L-FLAG
We next generated different variants of the chOX40 and of its ligand chOX40L to assess their mutual binding capabilities and to investigate their application in the staining of primary chicken cells. OX40 was generated as soluble Fc-tagged (OX40-Fc) version and the ligand as FLAG-tagged soluble protein (OX40L-FLAG). Purified OX40-Fc and OX40L-FLAG were separated by SDS-PAGE under reducing and non-reducing conditions, subsequently electroblotted and detected by western blot analysis (Fig. 5 ). ChOX40-Fc shared an apparent molecular weight of approximately 80 kDa under reducing and 160 kDa under non-reducing conditions, thus arguing in favour of homodimerisation (Fig. 5A) . In case of chOX40L-FLAG, the reduced sample revealed an apparent molecular weight of about 30 kDa and the non-reduced sample of about 60 kDa, hence as well suggesting homodimerisation (Fig. 5B) .
Interaction between recombinant chicken OX40 and OX40L
To assess the interaction of OX40 and OX40L, we applied ELISA and flow cytometric analyses. To confirm the interaction between the soluble forms of chOX40-Fc and chOX40L-FLAG, we performed an ELISA titration assay (Fig. 6 ). OX40-Fc was immobilised on a plate and OX40L-FLAG was added in twofold dilutions. The binding capability of the soluble OX40L to its receptor declined with higher dilutions of the ligand. The binding of the OX40L-FLAG-ectodomain to the ectodomain of its Fc-tagged receptor was specific, as the ligand showed no significant interaction with an unrelated chicken Fc-tagged protein (CD30-Fc), even at the highest concentrations.
In order to verify the binding capability of the cell-bound receptor to the ectodomain of its soluble ligand, we established a stable cell line of 293 cells expressing the full length, Myc-tagged OX40 receptor on its cell surface (293-OX40-Myc). Since the vector also comprised a GFP cassette under a second promotor, the efficiency of the transfection could be measured. To exclude any unspecific binding, we included two negative controls using transfected cells with the secondary mabs, or an unrelated FLAGtagged chicken protein (CD30L-FLAG) in combination with the secondary mabs (Fig. 7) . Cells were stained with the mab 9E10 and screened for their c-Myc expression via flow cytometry. Simultaneous screening for their GFP signal revealed that almost all cells were double positive for 9E10 and GFP expression. Staining with OX40L-FLAG demonstrated that virtually all cells bearing an OX40-Myc receptor on their cell surface could be recognised by their soluble ligand.
Additionally, we tested whether the chOX40-Fc protein was able to detect cell-associated OX40L. For this purpose, we established a cell line stably expressing the entire OX40L ligand (293-OX40L-V5). Virtually all transfected cells exhibited cell-bound OX40L-V5 (Fig. 8) , whereas isotype matched controls showed no positive signal. Staining with chOX40-Fc yielded a very similar population of positive cells, compared to the staining with the anti-V5-FITC mab. Negative controls, either with secondary mab only or in TTLL10: tubulin tyrosine ligase like 10, TNFRSF18: TNF receptor superfamily member 18, SDF4: stromal cell derived factor 4, B3GALT6: beta-1,3-galactosyltransferase 6, ARHGEF7L: rho guanine nucleotide exchange factor 7-like, FASL: Fas ligand, TNFSF18: TNF superfamily member 18, GOT2P2: glutamic-oxaloacetic transaminase 2 pseudogene 2, PRDX6: peroxiredoxin 6, SLC9C2: solute carrier family 9 member C2 (putative), TEX50: testis expressed 50, TADA1: transcriptional adaptor 1. Putative additional genes are shown following NCBI nomenclature: Mouse: GM10560, GM19057, GM31815, GM5704; Chicken: LOC107053928. Fig. 2 . Amino acid sequence alignment of OX40. Extracellular (EC), transmembrane (TM) and cytoplasmic (CY) domains are indicated and species are denoted as ch, chicken; tu, turkey; hu, human; mo, mouse. Conserved residues are shaded in grey, asterisks (*) indicate residues sharing similar properties. The signal peptide (SP) is marked by a line and CRDs by arrows above the sequences. Note that the SP of moOX40 solely comprises amino acids 1e22. Disulphide bridges of CRD submodules are displayed as S-S beneath the sequences. The dashed line indicates the major conserved TRAF2 binding motif. Accession numbers: chOX40 NP_001341653.1, tuOX40 XP_010721084.1, huOX40 XP_016857721.1, moOX40 NP_035789.1. Fig. 3 . Amino acid sequence alignment of OX40L. Cytoplasmic (CY), transmembrane (TM) and extracellular (EC) domains are indicated and species are denoted as ch, chicken; tu, turkey; hu, human; mo, mouse. Conserved residues are shaded in grey, asterisks (*) indicate residues sharing similar properties. The b strands of huOX40L are labelled and their respective residues are marked by arrows above the sequences. Accession numbers: chOX40L XP_430147.2, tuOX40L XP_010714012.1, huOX40L NP_003317.1, moOX40L NP_033478.1. combination with an unrelated Fc-tagged chicken protein (CD30-Fc), showed no positive staining of transfected cells, thus confirming the specificity of the observed interaction between OX40-Fc and its cell-associated ligand. In conclusion, three different assays employing soluble and cell-bound forms of OX40 and its ligand confirmed their interaction.
Frequency of chOX40-Fc positive splenocytes increases after stimulation with IL-2 and IL-12
In order to test the staining capability of the recombinant chOX40-Fc on primary chicken cells (Fig. 9) , chicken splenocytes were stimulated in vitro by a combination of the cytokines IL-2 and IL-12, favouring the selective expansion of gd T cells (unpublished observation). Splenocytes were stained directly after preparation to measure the fraction of OX40-Fc þ cells in native cells. On day 0, we observed no significant staining of native chicken splenocytes by OX40-Fc. In the course of stimulation with IL-2 and IL-12, the number of cells positively stained increased and reached its peak after a ten-day stimulation (10,2%). We further characterised the population of OX40- 
Discussion
Besides the CD28-B7 system of costimulatory signals, the TNF superfamily has proven to provide key mediators for T cell activation in mammals. Even though the functional relationship among these different TNFRSF receptors or their association to CD28 in the complex process of T cell activation needs to be further investigated, past studies indicate that the effects of TNF family members operate at different times during activation, thus enabling a sustained T cell response (Croft, 2003) . Especially OX40 and its ligand OX40L play a major role to ensure the longevity of activated T cells in mammals.
Various members of the TNF superfamily conserved their genomic collocation during the evolutionary process and thus can be found in direct proximity to each other in the genome of different species. According to Ware (2003) , this sequential arrangement of several TNF members is probably due to duplication and translocation of particular gene loci in a vertebral ancestor.
As their mammalian homologues, the genes of chicken OX40 and OX40L are clustered with other members of the TNF superfamily (e.g. OX40 -GITR, OX40L -FasL) within the genomic sequence. Beyond conserved genomic localisation, chicken OX40 and OX40L
proteins exhibit the typical structural features of their respective families. Phylogenetic analyses affirm a stronger relation of the chOX40 and the chOX40L proteins to their respective subfamily in comparison to other chicken molecules such as CD30, TACI or CD30L and BAFF. Even though all representatives of the TNFRSF or the TNFSF share basic, characteristic features across vertebrates, i.e. the existence of CRDs or a THD domain, the structural specialities of OX40 or OX40L persist beyond species boundaries, which is reflected in the cluster formation in the phylogenetic trees. The poor overall identity (30%) between human and chicken OX40 amino acid sequences is not surprising, as chicken molecules frequently share poor sequence homology with their mammalian equivalents (Abdalla et al., 2004) . Conserved residues among the species are especially concentrated to the N terminus, which is also evident for the chicken CD30 molecule (Burgess et al., 2004) . The ectodomain of the chicken receptor exhibits three complete and one truncated CRD, which is characteristic for the OX40 molecule and causal for its elongated shape (Naismith and Sprang, 1998; Willoughby et al., 2017) . Complying with the structural requirements, it is likely that the chicken OX40 interacts with its ligand in a 3:3 ratio as it is reported for mammals (Compaan and Hymowitz, 2006) . Binding of chOX40 probably results in anti-apoptotic signals similar to those of mammalian OX40, as it shares the TRAF2 binding motif which is important for the intracellular signal cascade (Ye et al., 1999) . In comparison to the chOX40 molecule, chOX40L protein shares even less sequence identity (19%) with its human equivalent. Murine and human molecules also display only 40% sequence homology, which is considerably less compared to the homologies among other TNFSF ligands of these species (Willoughby et al., 2017) . However, the existing structural similarities between mammalian and chicken ligand argue for a similar functional behaviour. As in mammals, the hydrophobic properties of the chicken OX40L THD probably allow for trimerisation (Compaan and Hymowitz, 2006) . Mammalian OX40 and OX40L are reported to solely bind to each other showing no interaction with other members of the TNF superfamily. In mammals, TNF was demonstrated to bind TNFR-1 and TNFR-2 (Idriss and Naismith, 2000) whereas BAFF was reported to interact with three receptors, namely BAFFR, TACI and BCMA in mammals and with BAFFR and TACI in chickens (Reddy et al., 2008) . The exclusive binding of OX40L to OX40 receptor in mammals probably is the result of the atypical assembly of the OX40-OX40L complex in comparison to other TNF members (Compaan and Hymowitz, 2006) . To investigate the mutual binding capabilities of chicken OX40 and its ligand OX40L, we pursued three different approaches. In an ELISA titration assay, we demonstrated the specific binding capability of the soluble ectodomains of the receptor and its ligand. To further support these results, we verified their interaction via flow cytometric analyses and showed that cell-bound receptors were recognised by their soluble ligands and vice versa. Since the chicken CD30 and CD30L molecules, applied as negative controls in these assays, revealed no interaction with OX40 and OX40L, respectively, it is possible that also chOX40 and chOX40L exclusively interact with each other.
By western blot analyses, we further characterised the soluble chicken proteins under reducing and non-reducing conditions. Due to four glycosylation sites within the ectodomains of OX40 and OX40L, and one site in the Fc-tag, the observed molecular masses of reduced samples exceeded the calculated values for monomers (47 kDa for OX40-Fc and 17 kDa for OX40L). As expected, the extracellular domain of OX40 formed dimers because of the dimerising Fc domain of human IgG1. Likewise, the OX40L-FLAG molecule revealed bands arguing for the dimerisation of the molecule. This is in line with studies in mammals, revealing that the trimerisation rate of recombinant, tagged THDs of some TNF ligands, e.g. GITRL, is rather low (Wyzgol et al., 2009) .
Since only few mabs are available to characterise cell populations in the chicken (Kaiser, 2012) , we finally tested the application of recombinant OX40-Fc protein in the staining of primary chicken cells. Screening of native chicken splenocytes, bursal cells, thymocytes, PBL, PBMC, as well as in vitro cultured macrophages and HD11 cells yielded no positive cell population for OX40-Fc (data not shown). This finding agrees with reports in human and mouse that OX40L expression is restricted to activated APCs and activated T cells (Watts, 2005) .
Besides their involvement in ensuring the longevity of ab T cells, OX40-OX40L signalling is probably an important way of activation also in gd T cells (Brandes et al., 2003) . T cell-T cell interactions via OX40L expressed on activated gd T cells may occur in a similar way as observed for ab T cells (Mendel and Shevach, 2006) . In contrast to humans and mice, which are categorised as gd low species, chickens represent one of the species (among sheep, cattle, pigs and rabbits) which displays high levels of gd T cells (Su et al., 1999) . Therefore, we selected chicken gd T cells to assess the involvement of OX40-OX40L system in the process of T cell activation in the chicken. We demonstrated that in the course of stimulation with IL-2 and IL-12, chicken gd T cells, including a CD8 þ subset, upregulate OX40L, probably in order to sustain an activated state via T cell-T cell interactions, as reported for mammalian T cells (Mendel and Shevach, 2006) .
In conclusion, our results argue for an important role of the OX40-OX40L system in the process of T cell activation in the chicken. We demonstrated the tight phylogenetic and structural relationship of chicken molecules to their mammalian homologues, suggesting similar anti-apoptotic functions. Furthermore, we confirmed the interaction of chicken proteins in three different assays and displayed the application of recombinant chOX40-Fc in the staining of primary chicken cells. The cell-bound variants of chicken OX40 and OX40L represent suitable tools to generate mabs to further characterise the expression pattern of the chicken molecules, e.g. on activated CD4
þ cells and to generally enlighten the role of chOX40 and its ligand OX40L in the chicken T cell response.
